Introduction
Although high-grade gliomas are uncommon, they account for a disproportionate loss of patient years because of their almost uniformly poor prognosis. Standard local treatment includes external beam radiotherapy following maximal surgery. There are distinct genetic changes associated with glioma progression that are of growing interest for both diagnostic and therapeutic approaches but they have yet to be translated into new treatment strategies (reviewed by Souhami and Tobias, 2005) . As radiotherapy is an important treatment option for patients suffering from malignant gliomas, the investigation of the molecular events that follow irradiation of normal brain cells as well as brain tumour cells may help to improve radiotherapy effectiveness either by suggesting means of enhancement of tumour cell killing or protection of normal brain tissue from the effects of irradiation.
Recently, bystander responses, where cells respond to their neighbours being irradiated, have been described and are being extensively studied (see Morgan, 2003 for a review). They have been observed for a range of end points, including cell killing and therefore offer a new potential therapeutic target.
Bystander effects induced by ionizing irradiation have been studied by various approaches including transfer of conditioned medium from irradiated cells (Lyng et al., 2002; Maguire et al., 2005) , low particle fluence irradiation, where only a few percent of cells are irradiated (Azzam et al., 1998) , and targeted irradiation of single cells and subcellular structures (Shao et al., 2004; Shao et al., 2003b Shao et al., , 2005 . They have been shown to occur in both tumour and normal cell types. However, the mechanisms involved in bystander signalling have only partially been elucidated and are probably dependent on cell type and end points investigated. The involvement of soluble factors like reactive oxygen species (ROS) (Azzam et al., 2002; Shao et al., 2003a Shao et al., , 2005 , nitric oxide (NO) (Shao et al., 2003b (Shao et al., , 2005 Sokolov et al., 2005) and cytokines released from irradiated cells as well as gap junction intercellular communication (Azzam et al., 2001; Shao et al., 2003a; Mitchell et al., 2004; Sokolov et al., 2005) have recently been reported. Most interestingly, several cytokines can be induced by ROS and NO/NOS (Ayache et al., 2002; Hsu and Wen, 2002; Kosmidou et al., 2002; Hwang et al., 2004; Ryan et al., 2004 ) providing a possible link between different factors potentially involved in bystander signalling. End points used for the study of bystander effects in vitro have included micronuclei formation (Azzam et al., 2002; Kashino et al., 2004; Shao et al., 2004) , gene mutations and genomic instability (Zhou et al., 2000) , gene expression changes (Azzam et al., 2002; Yang et al., 2005) , transformation (Sawant et al., 2001) , proliferation (Gerashchenko and Howell, 2003) , cell survival, apoptosis (Belyakov et al., 2002; Lyng et al., 2002) , cell cycle arrest (Azzam et al., 2000) and most recently the induction of gH2AX foci in bystander cells (Hu et al., 2005; Sokolov et al., 2005; Yang et al., 2005) .
gH2AX is the phosphorylated form of the histone H2AX (serine 139 (Ser 139)). Extensive H2AX phosphorylation occurs adjacent to DNA double-strand breaks (DSB) (Rogakou et al., 1998 (Rogakou et al., , 1999 and can be detected by immunofluorescence resulting in individual foci within the cell nucleus that can be counted and are a very sensitive measure of DSB (Rothkamm and Lobrich, 2003) . Several repair proteins colocalize with gH2AX at sites of DSBs (Paull et al., 2000; Schultz et al., 2000; Ward and Chen, 2001 ). This was recently also shown for gH2AX foci in bystander cells (Sokolov et al., 2005) . The kinases DNA-PK, ataxia telangiectasia mutated protein (ATM) (Stiff et al., 2004; Wang et al., 2005) and ATM-and rad3-related (ATR) (Ward and Chen, 2001 ) have all been reported to participate in H2AX phosphorylation following ionizing radiation but it is not yet clear which of these kinases is responsible for H2AX phosphorylation in bystander cells.
In this study, we established a model system for the study of a potential impact of radiation-induced bystander effects on malignant cells and surrounding normal tissue of relevance to the treatment of brain tumours. The glioma cell line T98G and normal human astrocytes (NHA) have been cultured separately or under co-culture conditions and single cells have been exposed to targeted irradiation using the GCI microbeam facility. Cells were subsequently analysed for the induction of DNA damage in targeted and bystander cells using gH2AX as a marker for DSB. We found that both cell types were capable of generating signals inducing gH2AX foci in bystander cells for a prolonged time up to 24-48 h after irradiation. The ATM inhibitor KU-55933 (Hickson et al., 2004) and the DNA-PK inhibitor NU 7026 (Veuger et al., 2003) could not suppress the induction of gH2AX foci in bystander cells suggesting the involvement of ATR in H2AX phosphorylation in these cells. This could be confirmed by the finding that ATR-mutated cells did not show the induction of gH2AX foci in bystander cells. Furthermore, bystander gH2AX foci were restricted to S-phase cells. Although ROS mediate an early phase of bystander signalling in both cell types, membranemediated signalling, presumably through cytokine/ receptor interactions, dominates foci formation in bystander NHA at a later stage, whereas ROS remains an important signal in T98G cells as well as membrane mediated signalling. These findings strengthen the hypothesis of differences in bystander signalling in tumour cells and normal tissue, which could be exploited for modulating radiotherapy treatment responses of tumours and reducing the side effects on normal tissue.
Results
Induction of gH2AX foci in targeted and bystander T98G cells and NHA Cells were individually selected and irradiated with 10 helium-3 ions per cell delivered to the nucleus with the Gray Cancer Institute charged particle microbeam system. Background gH2AX foci levels were significantly higher in T98G cells than in NHA (Figure 1a ), in line with the unstable nature of these tumour cells. In directly targeted cells, 5-9 clustered gH2AX foci could be detected within the nucleus 30 min after irradiation (Figures 1b and 2a) . In cultures where only a fraction of cells have been irradiated, the average number of foci per cell was higher than calculated from the background level and targeted fraction both for T98G cells and in NHA (Figure 2b ), suggesting the induction of additional gH2AX foci in the non-targeted cells. In T98G cultures where 10-50% of cells have been targeted, as well as increases in the average number of foci per cell, the proportion of cells with foci numbers X15 increased above background level presumably representing bystander cells (Figures 1c and 2a) . In NHA cells with lower background foci numbers, no excess number of cells with large numbers of foci was detected as these were probably masked by the peak of the direct targeted fraction. Mechanisms of bystander cH2AX foci induction S Burdak-Rothkamm et al
In bystander cells, additional gH2AX foci were induced over 24 h for T98G cells, with foci level returning to background values 48 h after irradiation. In NHA, a plateau of foci induction was maintained for at least 48 h returning to background levels after 72 h (Figure 3a) . In both the T98G and the NHA bystander population, a similar proportion of cells shifted from average foci numbers p4 to higher average foci numbers per cell despite differences in background levels ( Figure 3b ).
Inhibition of gH2AX foci formation in NHA and T98G bystander cells Single NHA were irradiated with helium ions by tracing a line across the centre of the microbeam dish. Bystander cells outside this line were screened for gH2AX foci formation 30 min after irradiation without further discrimination with regard to the distance of the cell from the line. An average of 1.3 additional foci per cell were induced in the bystander population and the effect could be blocked by adding 1% dimethyl sulphoxide (DMSO) or 0.5 mg/ml Filipin during irradiation and subsequent incubation ( Figure 4a ). T98G cells were treated in a similar way and here only 1% DMSO but not Filipin was able to block bystander foci induction ( Figure 4b ).
Induction of gH2AX foci in T98G and NHA cells receiving conditioned medium from irradiated cells and by TGF-beta 1 Cells were irradiated with 2 Gy of X-rays and incubated for 30 min at 371C. The conditioned medium was filtered, then transferred to non-irradiated cells. When these medium-treated cells were analysed 4 h later for gH2AX foci formation, an increase in average foci numbers per cell was seen compared to controls ( Figure 5a ). Similar effects were observed when medium was transferred from T98G cells irradiated with 0.1 Gy (results not shown). For both T98G and NHA cells, when 1% DMSO, 0.5 mg/ml Filipin or 10 mg/ml antitransforming growth factor (TGF)-beta 1 was added into the medium before transfer, the induction of additional foci in bystander cells could be significantly inhibited. An effect similar to bystander foci induction Mechanisms of bystander cH2AX foci induction S Burdak-Rothkamm et al was observed after treatment of T98G or NHA cells with 5 ng/ml TGF-beta 1 for 30 min (Figure 5c) . The gH2AX foci level induced by TGF-beta 1 was comparable to that in bystander cells and foci induction could be blocked completely by adding 1% DMSO or 0.5 mg/ml Filipin 10 min before and during TGF-beta 1 treatment.
gH2AX foci formation in bystander cells of T98G/NHA co-cultures In order to investigate bystander signalling between T98G glioma cells and NHA, we irradiated one cell type with 2 Gy of X-rays and placed a coverslip with the other cell type into the same dish immediately after irradiation. After 90 min of co-culture, the cells growing on the coverslip were fixed and stained for gH2AX foci (Figure 5b ). Both cell types were able to induce bystander gH2AX foci between each other, with the effect being slightly bigger in bystander T98G. Whereas in T98G cells both 1% DMSO and 0.5 mg/ml Filipin were able to abrogate the effect, in NHA only Filipin but not DMSO inhibited bystander foci induction at this time point, suggesting an alternative pathway to ROS in NHA.
H2AX phosphorylation in bystander cells by ATR
The kinases ATM, DNA-PK and ATR are all candidates for the phosphorylation of H2AX in bystander cells. In order to investigate which of these are involved in bystander signalling, we tested the ATM inhibitor KU-55933 and the DNA-PK inhibitor NU 7026 in a medium transfer experiment for the inhibition of bystander foci induction and compared ATR-mutated fibroblasts (ATR Seckel cells) with matched wild-type (WT) controls for their capacity to develop bystander foci. The ATM inhibitor KU-55933 and the DNA-PK inhibitor NU 7026 could not block bystander foci induction after transfer of conditioned medium in NHA cells at a concentration of 5 mM either as single agent or in combination (Figure 6b ) although this concentration was sufficient to completely block gH2AX foci formation after direct irradiation with 1 Gy of X-rays ( Figure 6a ). In ATR mutated cells, no bystander gH2AX foci could be detected after transfer of conditioned medium from irradiated cells although direct irradiation with 1 Gy induced gH2AX foci level comparable to the matched WT cells (Figure 7a ). Average bystander gH2AX foci level was elevated in WT cells for up to 24 h, but this could not be detected in ATR Mechanisms of bystander cH2AX foci induction S Burdak-Rothkamm et al mutated cells throughout this time (Figure 7b ). There were no significant differences in cell cycle distribution in both cultures as evaluated by immunostaining for CENP-F (Figure 7c ).
Cell cycle dependency of bystander foci formation
In order to investigate a correlation of the induction of bystander foci to cell cycle phase, T98G glioma cells and 48BR htert fibroblasts were double stained for gH2AX and CENP-F, which has previously been described as differentially expressed during different cell cycle phases (Liao et al., 1995) and has served here as a cell cycle marker. CENP-F expression increased continuously during cell cycle progression and was approximately 10-fold higher in G2 phase cells than in G1 phase cells as demonstrated by flow cytometry (Figure 8c ). In 48BR htert fibroblasts, gH2AX bystander foci induction by transfer of conditioned medium from irradiated cells could only be detected in S-phase cells but not in G1 and G2 phase cells (Figure 8a ). An average of 5-6 induced foci per cell was seen in both T98G and 48BR htert bystander cells during S phase of the cell cycle ( Figure 8b ).
Discussion
Significant bystander signalling between NHA and T98G has been observed in the studies reported here, in a model designed to have significant relevance for treatment of human glioma. A major role for both ROS and cytokine signalling has been observed. The generation of reactive oxygen and nitrogen species (ROS/RNS) by ionizing radiation in a Ca 2 þ -dependent manner in the mitochondria of targeted cells has been described previously (Leach et al., 2001) . From our findings, it can be concluded that ROS from targeted cells are also an early bystander signal to trigger the targeted cell itself to produce more stable messengers and secrete them into the culture medium or that ROS are acting as messengers between targeted and non-targeted cells. Although ROS production was crucial for bystander gH2AX foci induction in T98G cells up to 4 h after irradiation, in NHA the ROS scavenger DMSO did not block the effect at 90 min post irradiation but Filipin was effective, suggesting predominance of membrane-mediated signalling and DNA damage by an alternative pathway to ROS. A proposed model for bystander signalling leading to gH2AX foci induction is shown in Figure 9 .
Persistence of elevated gH2AX foci levels in bystander cells for up to 48 h suggests either compromised repair of DNA damage or more likely continuous production of DNA-damaging agents. These substances could either be produced directly by targeted cells secreted into the medium damaging surrounding bystander cells and/or be formed in bystander cells triggered by second messengers. Prolonged elevated gH2AX foci levels in cells receiving conditioned medium suggest either a stable bystander signal (e.g. a protein) produced by targeted cells and passed on through the medium or the induction of a (secondary) bystander signal in the Mechanisms of bystander cH2AX foci induction S Burdak-Rothkamm et al bystander cells themselves. As some cytokines can be induced by increased ROS levels (Bellocq et al., 1999; Ayache et al., 2002; Hsu and Wen, 2002; Kosmidou et al., 2002; Hwang et al., 2004; Ryan et al., 2004) , they are likely candidates for a secondary bystander signal. Furthermore, some of these cytokines (e.g. TGF-beta) can themselves induce ROS production (Thannickal and Fanburg, 1995) , further propagating DNA damage in a system where only a small amount of cells have initially been targeted by irradiation. Our findings show that TGF-beta 1 can induce H2AX phosphorylation in NHA and T98G cells to a similar extent as bystander signalling. Furthermore, the effect can be blocked by DMSO and Filipin similar to the bystander signal, suggesting that TGF-beta 1 is involved in gH2AX foci formation under bystander conditions upstream of ROS production. NO-mediated signalling is probably not involved in early stages of bystander signalling causing DNA damage in NHA and T98G cells as inhibition of NO synthesis by aminoguanidine could not prevent bystander gH2AX foci formation (results not shown). Our previous studies have shown that in bystander T98G cells, micronuclei are produced (Shao et al., 2004) , which are presumably a consequence of the induction of damage highlighted by the gH2AX signals reported here. These are NO dependent, suggesting that ROS interact with RNS at later times leading to longer term chromosomal damage. The kinases DNA-PK, ATM (Stiff et al., 2004; Wang et al., 2005) and ATR (Ward and Chen, 2001 ) have all been reported to participate in H2AX phosphorylation following direct ionizing radiation but it is not yet clear which kinase is responsible for H2AX phosphorylation in bystander cells. Interestingly, ATR is recruited to chromatin during S phase of the cell cycle (Dart et al., 2004) and H2AX phosphorylation by ATR requires replication stress (Ward and Chen, 2001) . Our data suggest that ATM or DNA-PK function is not necessary for gH2AX foci formation under bystander conditions but that ATR plays a crucial role. We found that ATR mutated cells are not capable of gH2AX bystander foci formation although gH2AX foci are produced in directly irradiated cells. These findings support the hypothesis that bystander gH2AX foci are generated through different pathways than those resulting from direct ionizing radiation.
Interestingly, only a fraction of bystander cells have elevated gH2AX foci level which was also shown by Sokolov et al. (2005) as well as Yang et al. (2005) and could suggest a subfraction of cells within a culture that is more vulnerable to factors produced by direct targeted cells. One hypothesis is a correlation with cell cycle distribution where especially S-phase cells could be at increased risk of generating DSB after contact with agents that would otherwise induce predominantly singlestrand breaks like H 2 O 2 . Our experiments did confirm that bystander gH2AX foci could only be detected in S-phase cells and not in G1 or G2 phase of the cell cycle. In this case, a predominant role for ATR in bystander cell H2AX phosphorylation would be expected, which was also confirmed by our study. The nature of the DNA damage, which is represented by bystander gH2AX foci, has yet to be confirmed as the processing of ROS-induced damage into DSB during S phase or an accumulation of stalled replication forks with further processing by DNA repair mechanisms is likely.
The study of radiation-induced bystander effects is considered important for risk estimation of radiation exposure especially in the low-dose range. Another important reason for improving our understanding of the underlying mechanisms of radiation-induced bystander effects is the possibility to exploit and modulate them in a radiotherapy setting (Mothersill et al., 2004b) . There is growing evidence of differences in bystander responses between different cell types and a possible relationship to DNA repair capacity (Nagasawa et al., 2003; Kashino et al., 2004; Mothersill et al., 2004a) . Furthermore, some of the known messengers of bystander effects can be targeted by established drugs (e.g. calcium channel blockers; Shao et al., 2006) . Future studies on mechanisms of bystander effects in normal and tumour cells will hopefully reveal further targets for reducing normal cell damage and increasing tumour cell killing in a radiation oncology setting.
Materials and methods
Cell culture NHA (Clonetics s Astrocyte Cell Systems, Cambrex Bio Science, Wokingham, UK) were cultivated in AGM Basal Medium supplemented with Single Quots additives (both Cambrex Bio Science). Cell culture flasks had been pre-coated with 0.01% poly-L-lysine (Sigma, Poole, UK) through incubation at room temperature for 1 h and subsequent washing with sterile phosphate-buffered saline (PBS). T98G cells were cultured in RPMI 1640 medium (Cambrex, Verviers, Belgium) supplemented with 10% fetal bovine serum (FBS) (PAA, Pasching, Austria), 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin (all Cambrex, Verviers, Belgium). ATR mutated Seckel cells (F02/98 htert) and matched ATR WT fibroblasts (48BR htert) were kindly provided by P Jeggo, University of Sussex, UK and cultivated in MEM medium supplemented with 15% FBS (PAA, Pasching, Austria), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin (all Cambrex, Verviers, Belgium) and Mechanisms of bystander cH2AX foci induction S Burdak-Rothkamm et al 0.4 mg/ml puromycin (Sigma, Poole, UK). All cells were incubated at 371C, 5% CO 2 . For all experiments, nonconfluent cell cultures were used.
Treatment for potential blocking of bystander signals
The following agents were used to potentially abrogate bystander signalling pathways inducing gH2AX foci in nontargeted cells: 1% DMSO as a ROS scavenger, 0.5 mg/ml Filipin for abrogation of signalling through glycosphingolipidenriched membrane microdomains or lipid rafts, 10 mg/ml anti-TGF-beta 1 (all Sigma, Poole, UK), 5 mM ATM inhibitor KU-55933 (Hickson et al., 2004) and 5 mM DNA-PK inhibitor NU 7026 (Veuger et al., 2003) (both kindly provided by G Smith, KuDos, Cambridge, UK). Cells were incubated with the inhibitors 10 min before irradiation and the inhibitors were present during irradiation and subsequent incubation time. For medium transfer experiments, inhibitors were added to the conditioned medium before transfer and were present throughout the incubation time.
Targeted irradiation with charged particles Targeted irradiation was performed using the Gray Cancer Institute charged particle microbeam system. It allows individual charged particles to be delivered to cells with high reproducibility and high accuracy (>99% within 2 mm) (Folkard et al., 1997a, b) . Cells were seeded in the centre of specially designed Mylar foil dishes pretreated with 1.7 mg/cm 2 BD Cell-Tak adhesive (Becton Dickinson, Erembodegem, Belgium) and stained with 0.8 mM Hoechst 33342 (Molecular Probes, Leiden, The Netherlands) to enable visualization of cell nuclei by fluorescence microscopy at the microbeam stage. During irradiation, cells were placed in serum-free medium containing 20 mM HEPES buffer, which was replaced by complete culture medium immediately after irradiation. Either a certain percentage of cells were targeted through their nucleus or a line of 5 helium ions/mm (approximately 2-3 mm wide) was delivered from one side of the culture dish to the other. For single cell irradiation, 1000 cells were seeded within a volume of 30 ml of complete culture medium in the central area of the dish, and for line irradiation 10 000 cells again in 30 ml of complete culture medium were seeded per dish. Cells were incubated at 371C, 5% CO 2 for 0.5-72 h after irradiation before fixation.
Medium transfer experiments and co-culture experiments For medium transfer experiments, cells were seeded on 22 Â 22 mm coverslips and treated with filtered medium obtained from cells, that had been irradiated with 2 Gy of X-rays and then incubated for 30 min. None of the inhibitors tested were present during irradiation but were added to the filtered medium before incubation with non-irradiated cells. The recipient cells were incubated for 4 h with the conditioned medium at 371C, 5% CO 2 before fixation and gH2AX immunostaining.
For co-culture bystander experiments, 10 000 cells of one cell type had been grown on a coverslip. A total of 50 000 cells of the other cell type had been seeded into six-well tissue culture dishes and were irradiated with 2 Gy of X-rays. Immediately after irradiation, the coverslip with the nonirradiated cells was placed in the six-well dish and incubated for 90 min before fixation and gH2AX immunostaining. Any inhibitors were present during irradiation and subsequent incubation times.
Immunostaining for gH2AX and CENP-F, fluorescence microscopy and flow cytometry For immunostaining, cells were fixed for 15 min with 2% paraformaldehyde and permeabilized with 0.5% Triton X-100 (both Sigma, Poole, UK). For NHA, an additional fixation step using methanol at À201C was performed. Mylar foil was superglued to a glass slide before staining. Incubation with a mouse monoclonal primary antibody specific for Ser 139 phosphorylation of H2AX (Upstate, Chandlers Ford, UK, 1:400) was followed by incubation with an Alexa Fluor 488-labelled secondary antibody (Molecular Probes, Leiden, The Netherlands, 1:1000). A rabbit polyclonal CENP-F primary antibody (Abcam, Cambridge, UK, 1:100) was combined with an Alexa Fluor 568 labelled secondary antibody (Molecular Probes, Leiden, The Netherlands, 1:1000). After cutting out the Mylar foil, Vectorshield s mounting medium for fluorescent microscopy (Vector Laboratories, Burlingame, CA, USA) and a coverslip were placed on top of the cells and sealed with clear nail varnish. For medium transfer and co-culture experiments, cells were grown on coverslips and stained after the same protocol placing the inverted coverslip on a glass slide afterwards. Cell were analysed using a fluorescence microscope (Zeiss, Welwyn Garden City, UK). Cell cycle phases were attributed according to CENP-F staining intensity and cells were classified as G1-phase cells for CENP-F negative, S-phase cells for CENP-F low staining intensity and G2-phase cells for CENP-F high staining intensity as shown in Figure 8a .
For flow cytometry, cells were fixed with 70% ethanol at À201C and resuspended in PBS/2% FBS for immunostaining with the rabbit polyclonal CENP-F primary antibody (Abcam, Cambridge, UK, 1:200) and subsequent staining with an Alexa 488-labelled secondary antibody (Molecular Probes, Leiden, The Netherland, 1:400). Cells were washed, resuspended in PBS containing 7-amino-actinomycin D (7-AAD) and analysed by flow cytometry (FACScan, Becton Dickinson, Oxford, UK) for CENP-F expression and DNA content.
